Coherent transfer of photoassociated molecules into the rovibrational ground state 
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We report on the direct conversion of laser-cooled 41 K and 87 Rb atoms into ultracold 41 K 87 Rb 
molecules in the rovibrational ground state via photoassociation followed by stimulated Raman adi- 
abatic passage. High-resolution spectroscopy based on the coherent transfer revealed the hyperfine 
structure of weakly bound molecules in an unexplored region. Our results show that a rovibra- 
tionally pure sample of ultracold ground-state molecules is achieved via the all-optical association 
of laser-cooled atoms, opening possibilities to coherently manipulate a wide variety of molecules. 

PACS numbers: 37.10.Mn,33.15.Pw,42.50.Ct,82.80.Ms 



Progress in cooling and manipulating atoms has led to 
diverse applications. Even more possibilities will open 
up if molecules are cooled and prepared in the rovibra- 
tional ground state because then the translational, vibra- 
tional, and rotational degrees of freedom of the molecules 
can be manipulated with greater accuracy. The poten- 
tial applications range from novel quantum phases to 
ultracold chemistry, quantum computation, and preci- 
sion measurements []]]. Various schemes to achieve cold 
molecules have been demonstrated thus far. Direct cool- 
ing of molecules has been limited in terms of tempera- 
ture 0|. Recently, quantum gases of molecules in the 
rovibrational ground state have been achieved 0-01 with 
a coherent optical transfer of weakly bound molecules 
produced via the magnetoassociation Q of quantum de- 
generate atoms. However, this scheme is only applica- 
ble to atomic species for which magnetoassociation is 
available. An alternative general method for producing 
weakly bound molecules from ultracold atoms is photoas- 
sociation (PA) Q- Up to now, only the incoherent for- 
mation of molecules in the vibrational ground state via 
photoassociation has been reported [8Hl0j] . Although the 
direct photoassociation yielded molecules in the v" = 0, 
J" = 2 level predominantly 10], the state-selective pho- 
toassociative formation of cold molecules in the rovibra- 
tional ground state is yet to be achieved. 

Here, we report that a rotationally and vibrationally 
pure sample of ultracold 41 K 87 Rb molecules in the rovi- 
brational ground state could be directly produced in a 
magneto-optical trap (MOT) of 41 K and 87 Rb via pho- 
toassociation followed by stimulated Raman adiabatic 
passage (STIRAP) [ll[. In spite of the low laser intensity 
due to the large volume of our molecular gas, we could 
reach a STIRAP transfer efficiency of more than 70% 
by employing an intermediate state with a narrow natu- 
ral lincwidth. In order to identify the two-photon reso- 



nance precisely, we developed a new detection scheme, 
spontaneous-decay-induced double resonance (SpIDR), 
which provided the high-resolution spectra of one-photon 
transitions from PA molecules and allowed us to observe 
a two-photon dark resonance [l2| ■ Our results show that 
a rovibrationally pure sample of ultracold molecules in 
the ground state is achieved via the all-optical associa- 
tion of laser-cooled atoms, opening novel possibilities to 
coherently manipulate a wide variety of cold molecules 
that can be produced via photoassociation. 

Fig. Q] shows the schematic representation of the coher- 
ent transfer of ultracold 41 K 87 Rb molecules. The poten- 
tial curves are taken from Ref. [l3|. Details of the experi- 
mental setup for the production and detection of weakly 
bound molecules is found elsewhere [14[ . For the present 
study, we used 41 K 87 Rb molecules in the v" = 91, J" = 
level of X 1 H + produced via photoassociation of 41 K and 
87 Rb atoms in a MOT. The typical numbers, densities 
and temperatures of atoms were 1 x 10 8 , 2 x 10 11 cm~ 3 
and 400 for 41 K and 2 x 10 8 , 4 x 10 11 cm" 3 and 
100 fiK for 87 Rb, respectively. The PA laser resonant 
to the J' = 1 level of Q = 0+ (wave number ~ 12570 
cm' 1 , intensity ~ 1 x 10 3 W cm -2 ) was applied for 10 
ms. Molecules were ionized through resonance enhanced 
multi-photon ionization (REMPI) by a pulsed dye laser 
and detected by micro-channel plates (MCP). The entire 
experimental procedure was operated at 9 Hz. 

Despite the successful demonstrations on quantum 
gases, the STIRAP transfer into the rovibrational ground 
state was not straightforward for PA molecules. Any 
residual magnetic field could cause decoherence for Ra- 
man coupling between two molecular states since our 
molecular sample was not spin-polarized. In addition, 
untrapped, high-temperature PA molecules occupied a 
volume larger (~ 1 mm 3 ) than that occupied by the 
trapped quantum gases (~ 10 -4 mm 3 ). This limited the 
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FIG. 1. Relevant molecular potential energy curves of KRb. 
Weakly bound molecules were produced by the photoassoci- 
ation of laser-cooled 41 K and 87 Rb atoms. Molecules in the 
v" = 91, J" = 0, F" = 2 level of X l Y, + were coupled to 
the v" = 0, J" = level of X 1 E + by a two-photon transi- 
tion with wavelengths near 875(L1) and 641 (L2) nm via the 
v' = 41, J' = 1 level of (3) 1 E + . For depletion spectroscopy 
and SpIDR spectroscopy, two-photon ionization through the 
(4) 1 E + state was used. For the detection of the rovibrational 
ground-state molecules, a three-photon transition mediated 
by the v' = 6 level of (l) 1 n was used. 
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FIG. 2. STIRAP transfer from the v" = 91, J" = 0, F" = 2 
level to the v" = level of X 1 ^. (a) Transfer to the J" = 
level. The population in the v" = level of A" 1 E + is plotted 
against the frequency of the down transition laser (L2). (b) 
Transfer to the J" — 2 level. The asymmetry observed in the 
J" — 2 spectrum is expected to be a result of the hyperfine 
structure induced by the nuclear electric quadrupole moments 
of 87 Rb. (c) Time evolution of the population in the v" = 0, 
J" = level of X 1 ^ during the multiple STIRAP transfer 
process. The error bars indicate the standard deviation, (d) 
Time variation of the intensities of the Raman lasers during 
the multiple-transfer process. Both intensities are normalized 
to unity. During the waiting time of 20 fis set between the 
transfers, the remaining population that is not transferred 
by STIRAP is completely removed by the resonant Raman 
lasers. 



available laser intensity for driving the transition. 

These difficulties were circumvented by starting from 
singlet molecules which was insensitive to magnetic fields. 
Utilizing singlet excited states with a narrow natural 
linewidth as an intermediate state, we realized an ef- 
ficient Raman transfer of PA molecules into a singlet 
ground state. This was in contrast with previous works 
on the two-photon transfer of heteronuclear molecules 
@, Hd which started from triplet molecules and trans- 
ferred the PA molecules into the singlet ground state 
via the il = 1 state (the spin-mixed state of (2) 3 £ + , 
(1) 3 I1 and (1) 1 II) . A transition strength comparable to 
the f2 = 1 state was obtained with the v' = 41 level of 
(3) 1 !]" 1 " [HIHH, whereas the narrow natural linewidth of 
this state (r ~ 2-7rx300 kHz, calculated from Ref. 1 161) al- 
lowed us to obtain an efficient transfer with a relatively 
low laser intensity. 

Our optical system for the Raman transition consisted 
of four lasers. Two diode lasers (875 nm and 641 nm) 
were locked to an ultra-low expansion (ULE) cavity with 
a dual-wavelength coating. These lasers worked as mas- 



ter lasers. Two slave lasers, a ring dye laser (641 nm) 
and a diode laser (875 nm), were then locked to mas- 
ter lasers through an optical phase-locked loop (OPLL) 



ljj and used for experiments. The scanning of the Ra- 



man lasers was realized by sweeping the microwave source 
for OPLL. In this report, the microwave frequency for 
OPLL was noted as an offset frequency. The typical 
short-term linewidth of the Raman lasers was less than 
10 Hz, whereas the long-term stability of the ULE cav- 
ity was estimated to be less than 100 kHz by monitoring 
the Cs D2 transition. The 1/e 2 diameter of the Raman 
lasers was set as 1.5 mm which was larger than the size 
of atomic clouds. For the STIRAP transfer, the power 
of the laser LI and the laser L2 was set to 9 mW and 25 
mW, respectively. 

Fig. [2^l shows the population in the v" = level of 
X l T,+ after the STIRAP transfer into the J" = level 
as a function of the frequency of the down transition 
laser (L2). The observed two-photon linewidth of 200 
kHz was consistent with a simple three-level theoreti- 
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FIG. 3. STIRAP spectroscopy of weakly bound molecules 
(the v" = 91, J" = level of X 1 E+). An efficient trans- 
fer into the rovibrational ground state enables the precision 
spectroscopy of the hyperfine structure of photoassociated 
molecules in an unexplored region with a typical accuracy of 
10 kHz. The labeling is based on the total angular momentum 
including the nuclear spin. 



cal model [ll| when we took into account the Rabi fre- 
quency (27rx400 kHz) and the transfer duration (10 /is). 
In order to confirm that Fig. indicated the rovibra- 
tional ground state, we also performed a STIRAP trans- 
fer into the v" = 0, J" = 2 level (Fig. Wp) and deter- 
mined the rotational constant to be 1095.4(1) MHz x h 
(h is the Planck's constant). The obtained value was in 
good agreement with the calculated value of 1095.362(5) 
MHzx/i obtained from the mass-scaling of the exper- 



imental value for 40 K 87 Rb 18]. The typical number, 



density and temperature of the produced ground-state 
molecules were 10 3 , 10 6 cm~ 3 , and 130 /.iK, respectively. 
The production rate in the rovibrational ground state 
was as high as 10 4 s _1 . 

The direct evidence of the STIRAP transfer was ob- 
tained by studying the time evolution of the population 
in the ground state (Fig. (2fc) during the multiple trans- 
fer process (Fig. [2pl). The ground-state molecules after 
a single transfer were used for measuring the efficiency 
of transfer. We typically retrieved 53% of the ground- 
state molecules after the double-transfer process, which 
implied a single-step efficiency of 73%. Currently, the ef- 
ficiency was limited by the difference in the Doppler shift 
for the two lasers. 

The STIRAP transfer into the rovibrational ground 
state can be used as new precision spectroscopy for 
weakly bound molecules in an unexplored region (Fig. [3]). 
By mapping the population in the initial hyperfine levels 
onto the ground state, we could measure the hyperfine 
splitting of PA molecules with an accuracy of 10 kHzxh. 
A higher resolution could be achieved by using a longer 
transfer duration and smaller intensities for the Raman 
lasers. The observed energy levels of the F" = 3, 2, 1 
levels with respect to the F" = level were 55.960(9), 
27.089(7), and 8.852(7) MHzxh, respectively. The val- 
ues of these energy levels as obtained by a coupled chan- 
nel calculation were 56.180, 27.176, and 8.870 MHz x h; 



these values were in reasonable agreement with our ob- 
servations. 

The rest of this report is devoted to SpIDR spec- 
troscopy, which is an essential improvement of the one- 
photon spectroscopy of PA molecules. This improve- 
ment was necessary for identifying the structure of the 
excited states and observing a two-photon dark reso- 
nance. To date, depletion spectroscopy has been widely 
used for analyzing the transition from PA molecules [15] ■ 
A continuous-wave (CW) laser depletes the number of 
PA molecules, while the loss is monitored with REMPI. 
Although this spectroscopy was straightforward, we en- 
countered a serious problem related to the signal-to-noise 
ratio when we attempted to record data at a low intensity 
in order to avoid saturation broadening. At a relatively 
high intensity, where we could observe a large signal, the 
spectral width broadened to tens of megahertz, wash- 
ing out all the structure from the hyperfine levels. In 
addition, saturation broadening smoothed out the trans- 
parency peak of the two-photon dark resonance and made 
it difficult to identify the two-photon resonance. 

In order to improve the signal-to-noise ratio of deple- 
tion spectroscopy, we developed a method to monitor not 
the depletion but the creation of molecules in the excited 
state. In practice, we monitored the population in one 
of the vibrational levels in the ground state to which 
a significant fraction of excited molecules decay. Thus, 
we could obtain a background-free spectrum, thereby in- 
creasing the signal-to-noise ratio to observe the narrow 
linewidth of the (S) 1 ^" 1 " state. 

Fig. UK shows the SpIDR spectrum of the v' = 41, 
,/' = 1 level of (3) 1 S + . A considerably smaller power (5 
/iW) and shorter time (400 /is) than those required for 
depletion spectroscopy (> 100 /iW, 10 ms) were sufficient 
to detect the excitation. This led to a significantly narrow 
linewidth close to the natural linewidth. The coarse split- 
ting resulted from the hyperfine structure in the ground 
state, whereas the fine splitting implied the existence of 
the hyperfine structure in the excited state. For the sake 
of comparison, the depletion spectrum in the same fre- 
quency range is shown in Fig. [4Jd. 

The SpIDR spectroscopy enabled us to observe a two- 
photon dark resonance (Fig. QJ:). The dip indicated the 
emergence of the two-photon dark state with the laser L2 
[HI]. By comparing the two frequencies at the dip, we de- 
termined the binding energy of the v" — 0, J" — level of 
A 1 E+ with respect to the v" = 91, J" = level of 
to be -124955.92(4) GHzx/i. Taking into account the 
binding energy of the v" = 91, J" — level with respect 
to the threshold F K = 1 + F Rb = 1, -374.75(3) GRzxh, 
the binding energy of the v" = 0, J" = level with 
respect to the atomic level without the hyperfine struc- 
ture was determined to be -125335.11(5) GRzxh. From 
the width of the transparency peak, we determined the 
transition dipole moment for the down transition to be 
0.0098(7) eeto, assuming the natural linewidth of the ex- 
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FIG. 4. SpIDR spectroscopy of photoassociated molecules, 
(a) SpIDR spectrum of the v' = 41, J' = 1 level of (3)^+ 
taken by exciting molecules in the v" = 91, J" = level of 
X 1 E + . Molecules formed by spontaneous decays from the ex- 
cited state are counted against the offset frequency of the laser 
LI. The coarse splitting results from the hyperfine structure 
of the v" = 91, J" = level of Z 1 E+. The fine splitting in 
each line implies the existence of hyperfine structure in the 
excited state. For the two-photon transition, the largest peak 
(F" = 2) is employed as an initial state, (b) Depletion spec- 
trum. In order to observe any signal, we had to increase the 
laser intensity by three orders of magnitude as compared to 
(a). Transitions from the v" = 91, J" = level are barely 
observable since the ion counts are dominated by molecules 
in the v" = 91, J" = 2 level, (c) Two-photon dark resonance 
between the v" = 91, J" = 0, F" = 2 level and the v" = 0, 
J" = level of X 1 ^. The down transition laser (L2) is 
scanned while the up transition laser (LI) is held on reso- 
nance. The dots indicate experimentally obtained data and 
the solid curve is a fit to the data points, (d) Two-photon 
dark resonance obtained by scanning the laser LI. The laser 
L2 is held on resonance. The blue dashed curve indicates a 
SpIDR spectrum for the F" = 2 level, while the red solid one 
indicates a spectrum obtained with the laser L2. 

cited state to be 27rx300 kHz. When we locked the laser 
L2 to the dip frequency and scanned the laser LI, we ob- 
tained a well-known dark resonance spectrum (Fig. |4ji) . 

In conclusion, we realized an efficient STIRAP trans- 
fer of PA molecules into the rovibrational ground state. 
High-resolution spectroscopy of the hyperfine structure 
of PA molecules in an unexplored region was demon- 
strated using coherent transfer. We developed a highly 
sensitive detection scheme which enabled us to take a 



high-resolution spectrum of one-photon transitions and 
observe a two-photon dark resonance for PA molecules. 
Our method is readily extended to other atomic species 
for which laser cooling and photoassociation is available. 
Trapping molecules into an optical dipole trap [19( is the 
next key issue. The trapped sample of molecules will 
constitute a test tube for ultracold chemistry. Moreover, 
the high repetition rate makes our method a promising 
candidate for high-precision spectroscopy. The precision 
measurement of the electron-to-proton mass ratio in cold 
molecules .20] is within reach with our methods. 
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